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Abstract
Prion diseases include a number of progressive neuropathies involving conformational
changes in cellular prion protein (PrPc) that may be fatal sporadic, familial or infectious.
Pathological evidence indicated that neurons affected in prion diseases follow a dying-back
pattern of degeneration. However, specific cellular processes affected by PrPc that explain
such a pattern have not yet been identified. Results from cell biological and pharmacological
experiments in isolated squid axoplasm and primary cultured neurons reveal inhibition of
fast axonal transport (FAT) as a novel toxic effect elicited by PrPc. Pharmacological, bio-
chemical and cell biological experiments further indicate this toxic effect involves casein
kinase 2 (CK2) activation, providing a molecular basis for the toxic effect of PrPc on FAT.
CK2 was found to phosphorylate and inhibit light chain subunits of the major motor protein
conventional kinesin. Collectively, these findings suggest CK2 as a novel therapeutic target
to prevent the gradual loss of neuronal connectivity that characterizes prion diseases.
Introduction
Prion diseases include a number of fatal sporadic, familial and infectious neuropathies affect-
ing humans and other mammals [1]. As observed in most adult-onset neurodegenerative
diseases [2], neurons affected in prion diseases follow a dying back pattern of degeneration,
where synaptic dysfunction and loss of neuritic connectivity represent early pathogenic events
that long precede cell death [3, 4]. Toxic effects of prion protein (PrP) have been shown in
various cellular and animal models [5–7]. An intriguing characteristic of prion diseases is the
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nature of prion, a pathogen devoid of nucleic acid [8]. The infectious form of prion disease
involves a conformation-related conversion of the cellular form of PrP (PrPc) to a mildly pro-
tease-resistant aggregated, and self-propagating species termed PrP scrapie (PrPSc) [1, 9].
However, genetic and experimental evidence suggest that additional factors affecting PrP con-
formation may similarly promote neuronal pathology. For example, mutant PrP-related famil-
ial forms of prion diseases have been identified which do not involve the PrPSc conformation
[1, 10]. In addition, aggregated, non-infectious oligomeric PrP has also been shown to induce
neurotoxicity [4, 9, 11, 12]. Further, results from our prior work indicate that intracellular
accumulation of full-length PrPc (PrP-FL) alone suffices to induce progressive neuronal toxic-
ity in cultured neurons and severe ataxia in mice [5, 13–16]. Collectively, these observations
suggest that a variety of factors, including increased PrPc dosage and conformation-dependent
conversion of PrPc to various neurotoxic species may underlie prion disease pathology, thus
providing a common framework for seemingly diverse prion disease variants.
The dying-back pattern of degeneration observed in neurons affected in prion diseases
strongly suggests that pathogenic forms of PrP may interfere with cellular processes relevant to
the maintenance of neuronal connectivity, such as fast axonal transport (FAT). The unique
dependence of neuronal cells on FAT has been documented by genetic findings that link loss
of function mutations in molecular motors to dying back degeneration of selected neuronal
populations [17–23]. Significantly, microscopic analysis documented deficits in anterograde
and retrograde FAT in PrPsc-inoculated mice concurrent with the development of prion dis-
ease symptoms [24, 25]. However, whether pathogenic PrPc directly affects FAT has not yet
been evaluated, and mechanisms underlying the FAT deficits observed in prion diseases
remain largely unknown.
A large body of experimental evidence indicates that various misfolded neuropathological
proteins compromise FAT by promoting alterations in the activity of protein kinases involved
in the regulation of microtubule-based motor proteins [26–28]. Consistent with findings in a
variety of adult-onset neurodegenerative diseases, aberrant patterns of protein phosphoryla-
tion represent a well-established hallmark of prion diseases. Further, several kinases known to
affect FAT are reportedly deregulated in prion diseases, including GSK3 [29], PI3K [30], JNK
[31], and casein kinase 2 (CK2) [32, 33], Based on these precedents, we set out to determine




Hippocampal neuronal cultures were prepared from wild type B6SJL mouse embryos at day 16
of gestational age [34]. After dissection, the cortical or hippocampal tissue was incubated in
0.25% trypsin in Hank’s for 16 min at 37˚C, followed by dissociation and plating of the cell sus-
pension in culture dishes or glass coverslips covered with poly-D-lysine (0.5 mg/ml), at a den-
sity of 53 cells/cm2 for immunocytochemistry or 350 to 1050 cell/cm2 for biochemical analysis.
The cultures were plated in DMEM plus 10% iron-supplemented calf serum (HyClone, Logan,
UT) for 2 hours, and then replaced with Neurobasal media supplemented with B27 (Life Tech-
nologies, Grand Island, NY).
Animals were housed in the University of Illinois at Chicago Biological Resource Labora-
tory. All animal work was done according to guidelines established by the NIH and are cov-
ered by appropriate institutional animal care and use committee protocols from the University
of Illinois at Chicago Animal Care Committee (ACC). Committee functions are administrated
through the Office of Animal Care and Institutional Biosafety (OACIB) within the Office of
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the Vice Chancellor for Research. All procedures are within guidelines established by the NIH
for use of vertebrate animals and were approved by our institutional animal use committee
prior to the execution of experiments. For all procedures with mice, they were anesthetized
with halothane. All methods for euthanasia are consistent with recommendations of the NIH,
the American Veterinary Medical Association and have been approved by our institutional
animal use committee (ACC). For all experiments, animals were first anesthetized with halo-
thane, and then sacrificed by decapitation on a guillotine without being allowed to regain con-
sciousness. In all cases, tissues were removed for analysis after sacrifice.
Antibodies and reagents
In this work we used the following antibodies: 63–90 [35] and H2 clones are monoclonal
antibodies against (mAb) kinesin-1 light chains (KLCs) [27, 34] and kinesin-1 heavy chains
(KHC) [36] respectively, TrkB, a rabbit polyclonal antibody from Santa Cruz Biotechnology
Cat. # Sc-11. Mouse α-tubulin clone YL1/2 from Abcam. Mouse monoclonal antibody to
tau protein clone PC1C6, MAB 3420 from Millipore. Protein kinase inhibitor DMAT was
obtained from Calbiochem, diluted in DMSO or ethanol as appropriate and kept at -20˚C
until use. CK2 specific substrate was obtained from ANASPEC # 60537, active CK2 tetramer
(α2β2) was from New England Biolabs.
Atomic force microscopy
Peptide solutions were characterized using a Nano-Scope IIIa scanning probe work station
equipped with a MultiMode head using a vertical engage E-series piezoceramic scanner
(Veeco, Santa Barbara, CA). AFM probes were single-crystal silicon microcantilevers
with 300-kHz resonant frequency and 42 Newton/meter spring constant model OMCL-
AC160TS-W2 (Olympus). A 10μl of 0.1M NaOH was spotted onto mica, rinsed with 2 drops
of deionized H2O, then a 10-μl sample solution of PrP106-126 or PrP-FL (From a 20μM stock
solution) were spotted on freshly cleaved mica, incubated at room temperature for 3 minutes,
rinsed with 20μl of filtered (Whatman Anotop 10) MilliQ water (Millipore), and blown dry
with tetrafluoroethane (CleanTex MicroDuster III). Image data were acquired at scan rates
between 1 and 2 Hz with drive amplitude and contact force kept to a minimum. Data were
processed to remove vertical offset between scan lines by applying zero order flattening poly-
nomials using Nanoscope software (Version 5.31r1,Veeco).
Preparation of PrP solutions
Synthetic PrP peptides including PrP106-126 and control PrP106-126 scrambled (PrP-Scram,
same amino acids as in PrP106-126 but in scrambled order) were synthesized at the University
of Illinois at Chicago Research Resources Center. PrP106-126 and PrP-Scram lyophilized PrP
peptides (0.5 mg) were reconstituted in nuclease free deionized water at 4˚C at a 1mM final
concentration (stock), aliquoted into several 0.5ml centrifuge tubes, and stored at -80˚C until
use. Recombinant PrP-FL was obtained from Dr. Jiyan Ma [5, 14, 37]. Before treating cells in
culture or perfusing axoplasm at 2μM concentration with any PrP construct, 1 mM PrP stock
aliquots were incubated at 37˚C for 1 hour. Atomic force microscopy analysis of PrP-FL and
PrP106-126 peptides in solution revealed an oligomeric tertiary conformation (see S4 Fig).
Lysate preparation and immunoblot analysis
Cell cultures were homogenized in ROLB buffer (10mM HEPES buffer (pH 7.4), 0.5% Triton
X-100, 80mM β-glycerophosphate, 50mM sodium fluoride, 2mM sodium orthovanadate,
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100nM staurosporine, 100nM K252a, 50nM okadaic acid, 50nM microcystin, 100mM potas-
sium phosphate and mammalian protease inhibitor cocktail [Sigma]), lysates were clarified by
centrifugation and proteins were separated by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) on 4–12% Bis-Tris gels (NuPage minigels, Invitrogen), using Mops
Running Buffer (Invitrogen) and transferred to polyvinylidene fluoride (PVDF) membranes as
previously described [38]. Immunoblots were blocked with 5% nonfat dried milk, in phos-
phate-buffered saline, pH 7.4, and probed with appropriate polyclonal or monoclonal antibod-
ies. When phosphorylation sensitive antibodies were used, 50mM sodium fluoride was added
to the blocking and primary antibody solutions to prevent dephosphorylation. Primary anti-
body binding was detected with horseradish peroxidase-conjugated anti-mouse and anti-rab-
bit secondary antibody (Jackson Immunoresearch) and visualized by chemiluminescence
(ECL, Amersham). For relative quantification the level of immunoreactivity was determined
by measuring the optical density (average pixel intensity) of the band that corresponds using
ImageJ software (ImageJ 1.42q,NIH, http://rsbweb.nih.gov/ij). Isolation of membrane vesicle
fractions from axoplasms was done as described before [39]. Two axoplasms from the same
squid were prepared and incubated with appropriate effectors (PrP106-126 in perfusion buffer
or perfusion buffer alone) and vesicle fractions evaluated by immunoblot using H2 and Trk
antibodies. Trk served as protein loading control and vesicle fraction marker.
Motility studies in isolated squid axoplasm
Axoplasms were extruded from giant axons of the squid, Loligo pealeii, at the Marine Biological
Laboratory (MBL) as described previously [36, 40–42]. Squid axoplasms were extruded at the
Rowe building of the MBL (Woods Hole, MA). Squid were handled in accordance with proce-
dures dictated by the MBL Laboratory Animal Facility. Our laboratory located at the MBL has
the proper authorization from the manager of the Marine Resources Department at MBL for
the housing and euthanasia of squid. The MBL Laboratory Animal Facility is a USDA regis-
tered, and the MBL has an approved animal welfare assurance (A3070-01) from the Office for
the Protection of Research Risks. The constitution of the Institutional Animal Care and Use
Committee (IACUC) is in accordance with USPHS policy. In brief, a healthy translucent squid
of approximately 30 cm in length is held by its mantle and the head severed above its eyes
using a scissors followed immediately by destruction of the brain without sedation [43]. The
mantle is cut open along the midline and the viscera and pen are removed carefully to avoid
damaging the giant axons. The fins are removed with scissors and peel the skin off with tissue
forceps. Identify the pair of axons lying parallel to the midline on each side of the open mantle.
Dissect both axons very carefully to avoid touching the giant axons as it may damage the axo-
lemma. Tie off the proximal end of the giant axon (near the stellate ganglion) and distal end
with two different color cotton thread to help assure the orientation of the axons. Once both
extremes are tied off tight, cut the giant axons 5 mm away from the knots to release the giant
axons (pair of sister axoplasms). Gently tease away any connective tissue with extreme care not
to damage the axonal membrane. Place the axon on a coverslip and cut the proximal end
(white thread) hold the axon by the black thread and press the polyethylene tube near the distal
end (black thread). Pull the axon steadily by the black thread to extrude the axoplasm. Then
place spacers on both sides of the extruded axoplasm and place a coverslip on top without
shearing the axoplasm to create a chamber where to perfuse the axoplasm with the effectors
diluted in buffer X/2. Extruded isolated axoplasms were 400–600 mm in diameter and pro-
vided approximately 5μl of axoplasm. Synthetic PrP peptides and recombinant full length PrP
(PrP) and inhibitors were diluted into X/2 buffer (175 mM potassium aspartate, 65 mM tau-
rine, 35 mM betaine, 25 mM glycine, 10 mM HEPES, 6.5 mM MgCl2, 5 mM EGTA, 1.5 mM
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CaCl2, 0.5 mM glucose, pH 7.2) supplemented with 2–5 mM ATP; 20 ml of this mix was
added to perfusion chambers. Preparations were analyzed on a Zeiss Axiomat with a 100, 1.3
NA objective, and DIC optics. Hamamatsu Argus 20 and Model 2400 CCD camera were
used for image processing and analysis. Organelle velocities were measured with a Photonics
Microscopy C2117 video manipulator (Hamamatsu) as described previously [44]. Approxi-
mately 20 squids were sacrificed.
Live imaging analysis of mitochondria axonal transport
Hippocampal neurons from 3 DIV cultures were transfected (Lipofectamine 2000, Invitrogen)
with a plasmid encoding a yellow fluorescent protein attached to a mitochondrial targeting
sequence (mitoYFP, OriGene) to allow in vivo organelle visualization. 4 hours after transfec-
tion, cultures were treated as indicated in each case and placed on a recording chamber at
37˚C and 5% CO2 with phenol red-free Neurobasal medium (Gibco). Time-lapse images of
axonal mitochondria were acquired in an Olympus IX81 inverted microscope equipped with a
Disk Spinning Unit (DSU), epifluorescence illumination (150W Xenon Lamp) and a micro-
processor. Fast image acquisition was achieved with a 60X oil immersion objective and an
ORCA AG (Hamamatsu) CCD camera. Time-lapse images were recorded over 10 min, at a
rate of 1 frame every 3 sec. Mitochondrial movement was analyzed visually with the Multi
Kymograph plugin of Fiji (http://fiji.sc/) and by counting the proportion and direction of frag-
ments that move for more than 3 μm over an axonal segment of 30μm. We consider axons, the
major processes, to be those processes that were at least 40–50 μm longer that any other pro-
cess in a given hippocampal neuron. Typically the axons we measured were between 120–
150 μm in length. To confirm the identity of axonal processes we stained 3 DIV hippocampal
neurons with an antibody against the axonal resident protein Tau (tau-1) and alfa tubulin (S1
Fig). We consider the movement towards the tip of the axon the anterograde direction and the
movement towards the cell body the retrograde direction. Instantaneous velocities of mobile
mitochondria was calculated over 3 frames during 10 seconds in the anterograde and retro-
grade direction. Data correspond to three independent experiments per condition.
Purification of membrane vesicle fractions from squid axoplasms by
lodixanol vesicle flotation assay
After incubating axoplasms with appropriate effectors (10μM Prion 106-126 or PrP scrambled)
for motility assays in X/2 buffer plus 1mM ATP in 25μl final volume, after 50 minutes the axo-
plasms were moved to a low-protein binding 1.5ml centrifuge tube containing 200μl of
homogenization buffer [10mM HEPES, pH7.4, 1mM EDTA, 0.25M sucrose, 1/100 protease
inhibitor cocktail for mammalian tissue (Sigma; No. P8340), 1/100 phosphatase inhibitor
cocktail set II (Calbiochem; No. 524627), 2sM K252a, and 1μ PKI], and homogenized by three
passages through a 27G needle and two passages through a 30G needle attached to a 1ml
syringe. Axoplasm homogenates were adjusted to 30% iodixanol by mixing 200μl of axoplasm
homogenates with 300μl of solution D (50% (w/v) Iodixanol (Sigma), 10mM MgCl2, 0.25M
sucrose). A 500μl layer of solution E (25% (w/v) Iodixanol, 10mM MgCl2, 0.25M sucrose) was
gently loaded on top of the lysate adjusted to 30% Iodixanol, followed by a 100il layer of solu-
tion F (5% (w/v) Iodixanol, 10mM MgCl2, 0.25M sucrose. Samples were centrifuged at
250,000g for 30 minutes at 4˚C in RP55S Sorval rotor. Following the centrifugation, 200μl was
removed from top, which contained the vesicles/membranes and transferred to a new 1.5ml
centrifuge tube. 1.2ml cold methanol was added and incubated on ice for 60 minutes, centri-
fuged at 14,000RPM in a tabletop centrifuge for 30 minutes. We resuspended the precipitated
vesicles/membrane fraction pellets in 40μl of 1% SDS using orbital rotor for 1 hour at
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300RPM. 10μl of 6x Laemmli buffer was added, and 15μl of each sample was analyzed by
immunoblotting.
CK2 in vitro kinase assay
The in vitro kinase assay mixture contained in a 50μl final volume: 100μM CK2 synthetic
R3A2D2SD5 peptide, 2U (1.05ng) CK2αβ from NEB Cat# P6010S, 1X reaction buffer (20mM
Tris-HCl, 50mMKCl, 10mM MgCl2, pH 7.5 at 25˚C) 100μM cold ATP containing 1.5mCi
[γ32P] ATP; 1Ci = 37 GBq, and brought to a final 50μl with 20mM hopes, pH 7.4. We added
the different PrP constructs (PrP-FL and PrP106-126) at 2μM final concentration. Incubation
was carried out for 20 minutes at 30˚C. Reactions were stopped by the transfer of 10μl of the
reaction to P81 phosphocellulose circles and washed three times in 75mM phosphoric acid,
dried, and analyzed by scintillation counting.
Statistical analysis
Statistical comparisons were obtained by using GraphPad Prism 6 software. All experiments
were repeated at least three times, using different brain specimens, extruded axoplasms or cell
cultures derived from embryos from at least three different rat or mice and at least 3 different
axoplasms. Data represents mean ± SEM. Mean differences were considered significant at the
p 0.05. Multiple group comparisons were performed by one-way ANOVA with post-hoc
Tukey. For pair comparisons, Student’s t-tests were used.
Results
PrP inhibits fast axonal transport
Several reports document FAT deficits in animal models of prion diseases, consistent with the
dying back pattern of degeneration observed in these diseases [11, 24, 25, 45, 46]. Various neu-
rotoxic effects were associated with intracellular accumulation of wild type, non-infectious
PrP-FL [5], but whether PrP-FL could directly affect FAT was not previously tested. Towards
this end, we performed vesicle motility assays in isolated squid axoplasms. By using video-
enhanced contrast DIC microscopy, the isolated axoplasm preparation allows for accurate
quantitation of anterograde (conventional kinesin-dependent) and retrograde (cytoplasmic
dynein-dependent) FAT rates [40, 47]. Because the plasma membrane is removed from the
axon, both recombinant forms of PrP and PrP-derived synthetic peptides (Fig 1A) can be per-
fused into the axoplasm and their effect on FAT directly evaluated [40].
Perfusion of PrP-FL protein in axoplasm (2μM) triggered a significant reduction in both
anterograde and retrograde FAT (Fig 1B), and a similar inhibitory effect was also observed
when PrP-FL was perfused at much lower concentration (PrP-FL 100nM, S2 Fig). This finding
prompted us to map specific PrP-FL domains mediating the toxic effect. The positively
charged central domain (CD, amino acids 94–134) has been shown to play a role in the neuro-
toxic effects elicited by pathogenic forms of PrP [49–51]. Li and coworkers showed that the
PrP residues 105–125 may constitute a neurotoxic functional domain [49]. Furthermore,
Simoneau and coworkers determined that the 106–126 hydrophobic domain at the surface of
oligomeric full length PrP was essential for toxicity [12]. Extending these findings, experimen-
tal data documented toxic effects of a PrP peptide encompassing residues 106–126 on primary
hippocampal, cortical and cerebellar cultured neurons [52–57]. Together, these findings
prompted us to evaluate whether the CD domain may mediate the toxic effect of PrP-FL on
FAT. Consistent with this possibility, recombinant PrP-ΔCD did not affect FAT when per-
fused in axoplasm (Fig 1C). Further, a synthetic peptide comprising amino acids 106–126 of
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Fig 1. Full length PrP (PrP-FL) inhibits fast axonal transport of membrane-bounded organelles in isolated squid axoplasm. (A) Schematic
representation of different PrP constructs and peptides used in this work. The PrP central domain (CD) is indicated in the top graph in red. Note that the
truncated PrP (PrP-ΔCD) lacks most of the PrP CD. Two PrP peptides of 21 amino acids were used, one that corresponds to the amino acids 106 to
126 (PrP106-126), and the other is the corresponding scrambled control peptide (PrP-Scram). Plots in B, C, D and E represent results from vesicle
motility assays in isolated extruded squid axoplasms perfused with different PrP constructs. Blue arrowheads and blue line represent fast axonal
transport (FAT) rates of kinesin-1 driven vesicles moving in the anterograde direction and the red arrows and red lines represent retrograde dynein-
mediated FAT rates. Lines represent the best fit exponential of rates for vesicles moving in the anterograde blue arrows and retrograde red arrows
directions over time in axoplasms. (B) Perfusion with 2μM of PrP-FL showed a marked reduction of anterograde and retrograde FAT soon after
Prion protein inhibits fast axonal transport
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PrP (PrP106-126) triggered a dramatic inhibition of FAT (Fig 1D), whereas a scrambled version
of this peptide (PrP-Scram) did not (Fig 1E). Quantitative analysis of FAT average rates
obtained from 30–50 minutes after perfusion demonstrated a significant reduction in both
anterograde and retrograde FAT rates induced by PrP-FL and PrP106-126, but not by control
PrP-Scram or PrP-ΔCD (Fig 1F and 1G, and S1 Table). Collectively, these experiments indi-
cate that PrP-FL inhibits FAT, and that the CD of PrPc is both necessary and sufficient to trig-
ger this toxic effect.
PrP induces alterations in mitochondrial axonal transport
Based on results from experiments in Fig 1, we next evaluated whether PrP alters FAT of mito-
chondria in mammalian cultured neurons. Because labeling of mitochondria with Mito
Tracker Red or tetramethylrhodamine ethyl ester dyes can interfere with mitochondrial mobil-
ity [58, 59], we transfected primary mouse embryonic hippocampal neurons in culture with a
plasmid encoding a mitochondrial resident protein fused with yellow fluorescent protein
(mito-YFP). At day 3 in vitro (3 DIV), we incubated transfected neurons for one hour with
3μM PrP106-126 (Fig 2A) or with control PrP-Scram (Fig 2B), and analyzed mitochondrial
motility for 10 minutes using time-lapse microscopy.
Consistent with the marked reduction of FAT observed in axoplasms treated with PrP106-126
peptide, kymograph analysis revealed a marked reduction of mitochondria mobility in neurons
treated with PrP106-126 (Fig 2A), compared to neurons treated with PrP-Scram (Fig 2B). Specif-
ically, the average distance traveled in the anterograde direction was significantly reduced in
PrP106-126 (1.22± 0.33μm) compared to PrP-Scram treated cell (5.17± 1.23μm) (Fig 2C). Simi-
larly, the percentage of motile mitochondria in either direction was significantly reduced in
PrP106-126 (14.79±8.05) versus PrP-Scram treated cell (35.56± 3.32) or untreated control cells
(35.88± 4.47) (Fig 2D). Similarly, instantaneous velocities in the anterograde and retrograde
directions were also evaluated. Time-lapse microscopy revealed that PrP106-126 decreces mito-
chondria instantaneous velocity in the anterograde direction (S5 Fig). These results extended
findings of PrP106-126 toxicity in isolated squid axoplasm to mammalian cultured neurons, fur-
ther revealing alterations in FAT of mitochondria.
The protein kinase CK2 mediates PrP-induced FAT inhibition
Several phosphotransferases have been identified that regulate FAT by modifying functional
specific motor protein subunits [60–63]. Among protein kinases tested in the isolated axo-
plasm preparation, casein kinase 2 (CK2) inhibited FAT with an inhibitory profile similar to
that induced by PrP-FL and PrP106-126 (Fig 1B and 1C) [27], prompting us to evaluate whether
the inhibition of FAT induced by PrP-FL or PrP106-126 was mediated by CK2. To this end, we
co-perfused PrP-FL and PrP106-126 with Dimethylamino- 4,5,6,7-tetrabromo-1H-benzimid-
azole (DMAT), a highly specific and powerful ATP-competitive CK2 inhibitor [64] that effec-
tively inhibits CK2 activity in the axoplasm preparation [27]. Remarkably, co-perfusion of
either PrP-FL or PrP106-126 with DMAT completely prevented the inhibitory effect on FAT
(Fig 3A and 3B). Quantitation of average FAT rates 30 to 50 minutes after perfusion confirmed
perfusion, compared to perfusing X/2 buffer alone [48] (data not shown in this manuscript). (C) Perfusion of a PrP full length construct lacking amino
acids 111 to 134 (PrP-ΔCD) showed not effect on FAT (D) Perfusion with PrP106-126, a 21 amino acid peptide corresponding to the PrP CD inhibited
bidirectional FAT with a profiles of inhibition almost identical to the one induced by PrP-FL. (E) Perfusion of the PrP106-126-Scram control peptide
encompassing the same amino acids but arranged in a scrambled order did not alter FAT. Graphs showing quantitation of average rates of
anterograde (F) and retrograde (G) FAT obtained 30–50 minutes after PrP perfusion indicating that when PrP-FL and its 21 amino acid peptide
corresponding to the central domain of PrP-FL are perfused they induce bidirectional FAT inhibition. Letter “n” represents the number of independent
axoplasms perfused per construct. Light blue and green dots in graphs F and G represent outlier values.
https://doi.org/10.1371/journal.pone.0188340.g001
Prion protein inhibits fast axonal transport
PLOS ONE | https://doi.org/10.1371/journal.pone.0188340 December 20, 2017 8 / 24
Fig 2. Prion inhibits fast axonal transport of mitochondria in mammalian cultured neurons. The effects
of Prion on mitochondria mobility was analyzed in 3 days in vitro rat embryonic primary hippocampal neurons
by time-lapse microscopy. (A) Upper panel shows fluorescently labeled mitochondria from axons of neurons
treated with PrP106-126 or control PrP106-126-Scram. In the lower panel, kymographs reveal the trajectory of
mitochondria motility from neurons incubated for 1 hour with 3μm PrP106-126 versus PrP106-126-Scram control
peptide (B). Kymographs were obtained from images in the upper panel. Scale bar in the X-axis equals 30μm
and in the Y-axis equals 60 seconds. (C) Quantification of the distance traveled by mitochondria analyzed in
(B) in the anterograde (white) and retrograde (black) direction. (D) Quantification of the percentage of moving
mitochondria in neurons treated with 3μm PrP106-126 compared to control PrP106-126-Scram, or non-treated
control neurons (Ctrl). (C-D) Mean ±SEM, * p<0.05, total of 26 neurons were analyzed, 7 (PrP-Scram
treated), 8 (Control un-treated), 11 (PrP106-126 treated). A total of 143 mitochondria were analyzed in figures C
and D; 57 mitochondria were analyzed in scramble treated neurons 26 (Not mobile), 12 (anterograde
direction), 19 (retrograde direction); 86 mitochondria were analyzed in PrP106-126 treated neurons, 58 (not
mobile), 7 (anterograde direction), 21 (retrograde direction). Results were obtained from 3 independent
experiments. One-way ANOVA with post-hoc Tukey.
https://doi.org/10.1371/journal.pone.0188340.g002
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Fig 3. Casein kinase 2 mediates PrP-induced fast axonal transport inhibition. Plots in A-B depict results
from vesicle motility assays as in Fig 1. Co-perfusion experiments of PrP-FL with DMAT, a highly specific CK2
inhibitor, prevent bidirectional FAT inhibition (Compare with Fig 1A). (B) Similarly, co-perfusion of PrP106-126
with DMAT prevents the inhibitory effect of PrP106-126 on FAT (Compare with Fig 1D). Graphs showing
quantification of average rates of anterograde (C) and retrograde (D) FAT obtained 30–50 minutes after co-
perfusion of PrP-FL and PrP106-126 with DMAT indicated that CK2 plays a key role in PrP-induced FAT
inhibition. (E) The stimulatory effect of PrP-FL and PrP106-126 peptide on CK2 activity was evaluated in vitro by
CK2 kinase assay as described in the experimental section. Bar chart of the phosphorylation kinase activity of
CK2 expressed as the incorporation of radioactive inorganic phosphate (Pi) into the synthetic R3A2DSD5
peptide by the recombinant CK2ed in the experimental section. Bar chart of the phosphorylation kinase
activity of CK2 expressed as the incorp106-126 (Red bar). These results suggest that PrP can activate CK2
directly. C.P.M. stands for counts per minute in arbitrary units. Scintillation counting-based quantitation from 3
independent experiments. *: p<0.0002; **: p<0.0001. Two-tailed P values. (F) Upper panel shows
fluorescently labeled mitochondria from axons of 3 DIV neurons treated with either PrP106-126 or control
PrP106-126-Scram peptides. In the lower panel, kymographs reveal the trajectory of mitochondria motility from
neurons incubated with 3μm of either PrP106-126 or (G) PrP106-126 plus 5μM DMAT for 1 hour. (H)
Quantification of average distance traveled by mitochondria as analyzed in (F) and (G) in the anterograde
(white) and retrograde (black) direction. Note the lack of inhibitory effect when neurons are co-incubated with
5μM DMAT. (I) Quantification of the percentage of mobile mitochondria analyzed in (F) or (G). Note a
reduction of mobile mitochondria in PrP106-126 and the dramatic recovery of mitochondria mobility in PrP106-126
plus 5μM DMAT co-treated neurons. These pharmacological results suggest that the activation of
endogenous axonal CK2 may be responsible for the inhibition of both directions of FAT induced by cellular
PrP. (H-I) Mean ±SEM, * p<0.05, total of 22 neurons were analyzed, 11 (PrP106-126 treated) and 11
(PrP106-126 + DMAT treated). Results were obtained from 3 independent experiments. One-way ANOVA with
post-hoc Tukey.
https://doi.org/10.1371/journal.pone.0188340.g003
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that activation of endogenous CK2 mediates the inhibitory effects of both PrP-FL and PrP106-126
on FAT (Fig 3C and 3D and S1 Table).
Interestingly, these results were consistent with prior reports showing that PrP interact with
CK2 and modulate its activity [32, 33]. To evaluate whether PrP-FL could directly activate
CK2, we conducted in vitro kinases assays using recombinant CK2 and a highly specific CK2
peptide substrate R3A2DSD5 as radioactive phosphate acceptor [65]. Remarkably, PrP-FL
induced significant activation of CK2 tetramer (Fig 3E), and similar activation was triggered
by PrP106-126 (Fig 3E), suggesting that the inhibitory effect of PrP-FL and PrP106-126 on FAT
may result from directly activating CK2.
Next, we evaluated whether CK2 mediated the inhibition of mitochondria mobility induced
by PrP106-126 in mammalian neurons. To this end, we simultaneously treated primary neurons
in culture with both PrP106-126 (Fig 3F) and the CK2 inhibitor DMAT (2μM; Fig 3G) and
measured mitochondrial mobility as done in Fig 2. Kymograph analysis showed a consistent
increase of mitochondria mobility for neurons co-incubated with PrP106-126 plus DMAT (Fig
3G lower panel) compared to neurons treated with PrP106-126 and DMSO vehicle (Fig 3F
lower panel). As expected, treatment of neurons with DMAT alone did not alter mitochondria
FAT (S3 Fig). Quantitative analysis confirmed that average distances traveled by individual
mitochondria in either anterograde (6.56±2.09μm) or retrograde (11.05±2.74μm) direction
were significantly higher in neurons co-treated with DMAT compared to average distances of
individual mitochondria from PrP106-126 treated neurons (anterograde: 1.21±0.38μm; retro-
grade 3.97±1.44μm) (Fig 3H). Additionally, the percentage of moving mitochondria (Fig 3I)
was significantly higher in DMAT-treated neurons (45.51±7.29μm) than in PrP106-126 treated
neurons (14.72±8.17μm). Collectively, results from these experiments indicated that the inhib-
itory effects of PrP-FL and PrP106-126 on FAT are mediated by CK2.
PrP-induced CK2-activation promotes conventional kinesin
phosphorylation and release from vesicular cargoes
CK2 has been shown to directly phosphorylate kinesin light chain (KLCs) subunits of the
major motor protein conventional kinesin [27, 66–69]. Based on that precedent and on results
from experiments in Fig 3, we evaluated whether PrP toxicity involves alterations in KLC
phosphorylation. To this end, we perfused axoplasms with PrP106-126 (Fig 4A and 4B) and also
incubated primary hippocampal neurons with PrP106-126 (Fig 4C and 4D).
KLC subunit phosphorylation was evaluated by semi-quantitative Western blotting using
63–90, an antibody that preferentially recognizes a dephosphorylated CK2 epitope on KLCs
[27, 70]. A significant reduction in 63–90 immunoreactivity was observed in both perfused
squid axoplasms (Fig 4A) (approx. 74% reduction, Fig 4B) and cultured neurons (Fig 4C)
(approx. 90% reduction, Fig 4D) incubated with PrP106-126. Since 63–90 immunoreactivity is
reduced by KLC phosphorylation [27, 34, 60], immunoblotting results suggest that PrP106-126
promotes increased KLC phosphorylation (Fig 4A–4D).
CK2-mediated phosphorylation of KLCs reportedly promotes detachment of transported
MBO cargoes [27, 34, 70–72]. Based on these precedents, we isolated vesicle fractions from
axoplasms perfused with PrP106-126 or with PrP-Scram peptides (Fig 4E). Levels of conven-
tional kinesin subunits associated with vesicles was evaluated by immunoblotting using H2
monoclonal antibody against kinesin heavy chain (KHC) subunits and normalized to anti-
trkB-immunoreactive bands, as before [27, 39]. Consistent with our previous report showing
CK2-dependent release of conventional kinesin from transported MBOs [27, 35, 71, 73, 74]
KHC levels were reduced approximately 70% in membrane fractions prepared from squid axo-
plasms perfused with PrP106-126, compared to membranes prepared from PrP-Scram-perfused
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Fig 4. PrP induces CK2-mediated phosphorylation of kinesin light chain subunits and detachment of
conventional kinesin from membrane cargoes. (A-B) Quantitative immunoblot analysis of kinesin-1 from
two pair of sister axoplasms incubated either with control PrP-Scram or PrP106-126 peptides and (C-D) primary
embryonic mouse cortical neurons cultured for 3 days in vitro treated for one hour. Antibody 63–90
preferentially recognizes kinesin-1 light chains (KLCs) when they are not phosphorylated by CK2 [27, 35]. (B
and D) Quantitation graph bars show that PrP106-126 decreased the immunoreactivity for 63–90 versus control
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ones (Fig 4F). Together, these experiments indicated that PrP-induced FAT inhibition involves
abnormal activation of endogenous CK2, phosphorylation of KLCs and a concomitant release
of conventional kinesin from transported MBOs (Fig 5).
Discussion
The molecular basis for prion disease (PrD) pathology remains unclear. Although the infec-
tious form of PrP has received the most attention [75], prion infection is quite infrequent in
humans. The majority of human cases (99%) are associated with mutations in the gene encod-
ing PrP or occur sporadically [4]. In cases where PrPSc conformation is not required to induce
pathogenesis, genetic and experimental studies suggest that the spontaneous accumulation of
either mutant or wild type PrP can induce neuronal dysfunction and toxicity [4, 10, 76–78]. In
addition, aggregated, non-infectious oligomeric PrP has also been shown to induce neurotox-
icity without involving PrPSc [4, 9, 11, 12]. Atomic force microscopy-based structural analysis
of PrP-FL and PrP106-126 indicate that both PrP constructs present a globular or oligomeric
conformation (S4 Fig). Furthermore, Chiesa and collaborators demonstrated that 5 to 10-fold
overexpression of wild type PrP can cause neuronal dysfunction and synaptic abnormalities
through an aggregated, non-infectious PrP species [11]. Results from multiple laboratories
indicate that cytosolic accumulation of full-length cellular PrP (PrP-FL) suffices to induce pro-
gressive neuronal toxicity and severe ataxia in cultured neurons and in living mice [5, 13–16].
This observed toxic phenomenon associated with increased dosage of PrP is not restricted to
prion diseases, as other human progressive neuropathies including Alzheimer´s and Parkin-
son´s diseases are associated with aggregation of proteins induced by overexpression of wild
type polypeptides [79–81]. Collectively, these observations suggest that a variety of molecular
factors, including increased PrP dosage and conformation-dependent conversion of PrP to a
neurotoxic species may underlie prion disease pathology, thus providing a common pathologi-
cal framework for seemingly diverse prion disease variants.
There is no consensus on the specific cause of neuronal degeneration in PrD, but various
pathological mechanisms have been postulated, including mitochondrial dysfunction and acti-
vation of neuronal apoptosis [82]. Although activation of apoptotic pathways will damage neu-
rons in prion diseases [55, 83, 84], this is a generic explanation that does not provide insight
into pathogenic mechanisms. Moreover, Chiesa and collaborators demonstrated that abolish-
ing neuronal apoptosis in a transgenic model of familial prion disease effectively prevents neu-
ronal loss, but does not prevent dying-back axonopathy and synaptic loss or delay the clinical
symptoms [85]. These evidence suggests that, while apoptosis may be a component of prion
diseases, changes in other vital neuronal processes may trigger the loss of synapses and clinical
symptoms characteristic of these diseases.
PrP-Scram treated axoplasms and neurons respectively. Note a significant reduction (B) of immunoreactivity
when neurons were treated with PrP106-126 compared to PrP-Scram; (n = 5, number of independent
experiments. p = 0.0313, significance was assessed at P < 0.05). (D) Significant reduction of 63–90
immunoreactivity in axoplasms incubated with PrP106-126 compared to control PrP-Scram, (n = 3; number of
independent experiments. p = 0.0355, significance was assessed at P < 0.05). (E) Vesicles purified from
sister axoplasms by vesicle flotation assays perfused with control PrP-Scram and PrP106-126 synthetic peptide
were assayed by Western blot for KHC and TrkB. TrkB was used as membrane protein marker and for loading
control. (F) Quantitation graph bars shows a significant reduction of kinesin-1 association to purified vesicles
in PrP106-126 incubated extruded axoplasms compared to control PrP-Scram treated axoplasms, (n = 3,
number of independent experiments; significance was assessed at P < 0.05). Taken together, these
experiments suggest that PrP106-126 increases the intracellular activity of CK2, which in turn results in KLCs
phosphorylation and kinesin-1 release from its cargo vesicles.
https://doi.org/10.1371/journal.pone.0188340.g004
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Experimental evidence suggests that alterations in FAT might represent an early pathogenic
event in prion diseases [45, 46, 85, 86] as well as other disorders linked to misfolded proteins
[26, 73, 74, 87–91]. Sanchez-Garcia and co-workers showed that neurons expressing the
PrP-M205,212S mutant form exhibit disrupted FAT and reduced synaptic accumulation of
specific synaptic proteins important for axonal growth, vesicular fusion, secretion and neuro-
transmission [92, 93]. Similarly, Senatore and coworkers showed that mutant PrP suppressed
neurotransmission in cerebellar granule neurons by altering the delivery of voltage-gated cal-
cium channels [94]. Finally, Ermolayev and coworkers recently showed a direct and early link
between prion clinical symptoms and FAT inhibition induced by different prion strains [24].
However, these studies did not provide mechanisms by which PrP affects FAT.
Fig 5. Proposed molecular mechanism for PrP-induced FAT inhibition. Pharmacological data showed here indicates that PrP-induced FAT
inhibition is mediated by activation of endogenous tetrameric CK2αβ and subsequent phosphorylation of KLCs. Phosphorylation of KLCs (red letter
P) promotes the detachment of conventional kinesin from its transported vesicular cargoes. Our experimental data suggests that both PrP-FL and its
central domain (CD) peptide of 21 amino acids PrP106-126 inhibit FAT with an identical profile of inhibition.
https://doi.org/10.1371/journal.pone.0188340.g005
Prion protein inhibits fast axonal transport
PLOS ONE | https://doi.org/10.1371/journal.pone.0188340 December 20, 2017 14 / 24
Data from Ma and collaborators showed that accumulation of full length PrP (PrP-FL)
within the cytosol is neurotoxic in vitro and in vivo [5, 7]. Evidence from other groups showed
that intracellular accumulation of wild type PrP leads to neuronal dysfunction and synaptic
abnormalities [11, 56]. To test whether the neurotoxicity of intracellular PrP-FL was directly
associated with FAT inhibition, we took advantage of the isolated squid axoplasm preparation.
This unique ex vivo model facilitated the initial discovery of kinesin-1 [95], and kinase-based
regulatory mechanisms for FAT [96, 97].
Here we present direct experimental evidence that PrP-FL, at physiologically plausible con-
centrations (100nM to 2μM), is a strong inhibitor of FAT. Previous work had mapped the tox-
icity of PrP primarily to the central domain (CD) [75, 98–100]. Consistent with these studies,
the observed effects of PrP on FAT required the central domain (CD), as perfusion of a PrP
construct lacking most of the central domain (PrP-ΔCD) does not affect FAT. Furthermore,
perfusion of a cell permeable 20mer synthetic peptide corresponding to the positively charged
CD (PrP106-126) [101] showed a toxic inhibitory effect comparable to that elicited by PrP-FL.
Together these ex vivo experiments suggest that the PrP CD is required and sufficient to inhibit
FAT.
Under normal physiological conditions, the concerted activity of kinases and phosphatases
regulate FAT by controlling the functional activities of molecular motors [60–63]. Under path-
ological circumstances, misregulated signaling pathways can alter motor functions, leading
consequently to altered FAT and dysfunctional synaptic transmission [26–28, 36, 39, 48, 67,
71, 73, 74, 87, 89, 102–108], harmful events that result in progressive synaptic dysfunction and
dying back neuropathy. The ability of PrPc to inhibit anterograde FAT at concentrations lower
than of conventional kinesin [109] abrogates the possibility that PrP effects resulted from steric
interference. Instead, alterations in regulatory signaling pathways for FAT appeared a more
plausible mechanism.
Cell biological and pharmacological data shows that toxic PrP can affect the activity of vari-
ous phosphotransferases capable of regulating FAT, including GSK3β [29], PI3K [30], and JNK
[31], but do not indicate whether these changes are direct or indirect consequence of pathogen-
esis. Recent studies indicate that PrP can associate with and modulate CK2 activity [32, 33].
Here we showed that co-perfusion of inhibitors of CK2 with either PrP-FL or PrP106-126
completely abolishes the inhibitory effects of PrP on FAT. Although the CK2 inhibitor DMAT
abolished the inhibition of mitochondria anterograde FAT induced by PrP, it also showed acti-
vation of retrograde FAT in combination with PrP106-126, an unexpected result that deserves
future analysis. Although the precise mechanism by which PrP activates CK2 remains to be
determined, in vitro CK2 kinase activity showed that recombinant PrP-FL and the synthetic
peptide PrP106-126 are potent CK2 activators both in vivo, and in vitro, suggesting that the acti-
vation of CK2 may result from a direct interaction between PrP and CK2 in vivo.
Deficits in FAT of membrane-bounded organelles (MBOs) are responsible or at least signif-
icant contributors to multiple human neuropathies displaying dying back degeneration of
neurons including hereditary spastic paraplegia, Alzheimer´s, Parkinson´s, Huntington´s,
amyotrophic lateral sclerosis, and prion diseases [23, 24, 26, 27, 36, 73, 74, 87, 106, 107, 110–
112]. Mitochondria are critical MBOs transported in neuronal cells, as these generate ATP
needed for a wide variety of vital metabolic processes including FAT, neuronal growth, regen-
eration, and survival [113, 114]. A large body of experimental data documented deficits in
FAT of mitochondria in various human neuropathies associated with altered kinase activities
[73, 115–117]. Consistent with these reports, we showed a consistent reduction of mitochon-
dria motility in PrP106-126 treated neurons versus PrP-Scram treated ones. Both the percentage
of moving mitochondria and the average distance traveled were reduced. Although the regula-
tory mechanisms that govern the transport of membranous vesicles and mitochondria might
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not be the same [117] the effects were not restricted to mitochondria alone, as there was
marked reduction in the bulk of vesicles moving in PrP-treated squid axoplasms. Interestingly,
we observed a different profile of inhibition between mitochondria and squid axoplam vesi-
cles. While PrP affected both directions of transport for these vesicles, it inhibited anterograde
FAT to a greater extent than retrograde FAT for mitochondria, likely due to differences in the
regulatory mechanisms between these MBOs. Consistent with evidence suggesting that PrP
can activate CK2 both in vitro and in vivo and that activation of CK2 results in FAT inhibition,
the potent and specific pharmacological CK2 inhibitor DMAT prevented PrP-induced FAT
inhibition in both isolated axoplasm and in cultured neurons.
The remaining challenge was to determine how PrP and CK2 can compromise FAT. Previ-
ous studies had indicated that phosphorylation of KLCs by GSK3β and CK2 promotes release
of conventional kinesin from MBOs and FAT inhibition [27, 34, 60]. Accordingly, biochemical
experiments in this work revealed increased KLC phosphorylation in squid axoplasms and cul-
tured mammalian neurons treated with PrP, as revealed by reduced immunoreactivity for 63–
90, a monoclonal antibody that recognizes a CK2 dephosphoepitope within KLCs.
GSK3β and CK2-mediated phosphorylation of KLCs was shown to promote detachment
of conventional kinesin from MBOs [27, 39, 60]. Consistent with these precedents, levels of
kinesin-1 associated with axonal MBOs was significantly reduced in axoplasms perfused
with PrP106-126, relative to PrP-Scram-perfused ones. Similar results were observed upon
perfusion of recombinant CK2 and oligomeric amyloid beta (0Aβ), which induces endoge-
nous CK2 activation [27]. That PrP-FL inhibited both anterograde and retrograde FAT sug-
gests that CK2 may also affects cytoplasmic dynein [66] but further studies are needed to
address this possibility.
Experiments in this work are in agreement with the idea that PrP-FL and its central peptide
domain PrP106-126 inhibit FAT through a molecular mechanism involving abnormal activation
of endogenous CK2, phosphorylation of KLCs, and release of conventional kinesin from trans-
ported MBO cargoes (Fig 5). In all likelihood, CK2 substrates other than molecular motors
may contribute to prion pathology. CK2 has hundreds of reported substrates [118] many of
which may contribute to axonal degeneration and synaptic loss in the context of prion disease
[119]. Accordingly, oAβ-mediated increases in CK2 activity disrupt synaptic transmission and
CK2 inhibitors restore it [105].
Results from this work demonstrate that pharmacological inhibition of CK2 prevents FAT
inhibition induced by PrP. Thus, CK2 inhibition may represent a novel therapeutic interven-
tion for prionopathies and other progressive neuropathies associated with abnormal CK2
activity and defects in FAT [27], [105], [120]. The recent development of blood-brain barrier
permeable and highly selective CK2 inhibitors capable of accessing the brain makes this notion
particularly compelling [121, 122]. Finally, Our results provide a basis for exploring the more
complex pathology of a PrP transgenic mouse model in the near future.
Supporting information
S1 Fig. Mouse Hippocampal neuron cultured for 3 days showing the identity of minor pro-
cesses and the axon. Confocal image showing a 3 days in culture hippocampal neuron immu-
nostained with a monoclonal antibodies against (A) tyrosinated tubulin (tyr-Tub; green and
green arrows) and (B) dephosphorylated Tau (Tau-1; red and red arrowhead). (C) superimpo-
sition of A and B. Note the axonal distribution of tau along the major process versus the wide-
spread localization of tubular within the minor processes and cell body. Scale bar 20μm.
(TIF)
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S2 Fig. Full length PrP (PrP-FL) inhibits fast axonal transport. Plot represents results
from vesicle motility assays in isolated extruded squid axoplasms perfused with PrP-FL at
100nM concentration. Blue arrowheads and blue line represent fast axonal transport (FAT)
rates of kinesin-1 driven vesicles moving in the anterograde direction and the red arrows
and red lines represent retrograde dynein-mediated FAT rates. Lines represent the best fit
exponential of rates for vesicles moving in the anterograde blue arrows and retrograde
red arrows directions over time in axoplasms. Perfusion with 100nM of PrP-FL showed a
marked reduction of anterograde and a modest retrograde FAT soon after perfusion, com-
pared to perfusing X/2 buffer alone [48] (data not shown in this manuscript) or PrP-Scram
(Fig 1D).
(TIF)
S3 Fig. The CK2 inhibitor DMAT does not alter FAT. Upper panel shows fluorescently
labeled mitochondria from axons of 3 DIV neurons treated with either vehicle (DMSO) or
the CK2 inhibitor DMAT 5μM for 60 min. In the lower panel, kymographs reveal the trajec-
tory of mitochondria motility from neurons incubated with vehicle (A) or (B) 5μM DMAT
for 1 hour. (C) Quantification of average distance traveled by mitochondria as analyzed in
(A) 24.88±13.47 μm and (B) 20.76±5.16 μm in the retrograde direction. Note the lack of
effect when neurons are incubated with 5μM DMAT alone compared to DMSO treated neu-
rons. Scale bar in the X-axis equals 30μm and in the Y-axis equals 60 seconds. Mean ±SEM,
total of 19 neurons were analyzed, 8 (Control DMSO treated) and 11 (DMSO+DMAT
treated). Results were obtained from 3 independent experiments. One-way ANOVA with
post-hoc Tukey.
(TIF)
S4 Fig. Characterization of PrP-FL and PrP106-126 by atomic force microscopy analysis.
AFM analysis showed a common oligomeric structure present in PrP-FL and PrP106-126. (A)
Recombinant PrP-FL (1mM) and (B) synthetic PrP106-126 peptide resuspended in H2O at
1mM concentration were incubated at 37˚C for 60 minutes. (C) Buffer x/2 alone. Solutions
were diluted to 20μM with the same buffer used for perfusing squid axoplasms (Buffer X/2)
and then analyzed on mica under ambient conditions using tapping mode AFM. White round
dots in A-C seem to be attributed to salt in the X/2 buffer. All AFM images shown are 2_2-mm
x–y, 10nm total z-range.
(TIF)
S5 Fig. PrP alters kinesin-1 based anterograde fast axonal transport instantaneous velocity.
The effects of Prion on kinesin-1 and dynein based mitochondria fast axonal transport instan-
taneous velocities were analyzed in 3 days in vitro rat embryonic primary hippocampal neu-
rons by time-lapse microscopy. Quantification of the instantaneous velocities of mobile
mitochondria was calculated over 3 frames during 10 seconds in the anterograde (red) and
retrograde (blue) direction. Mean ±SEM,  p<0.05, total of 143 mitochondria were analyzed;
57 mitochondria were analyzed in scramble treated neurons 26 (Not mobile), 12 (0.963
±0.041μm/sec. anterograde direction), 19 (0.747±0.041μm/sec. retrograde direction); 86 mito-
chondria were analyzed in PrP106-126 treated neurons, 58 (not mobile), 7 (0.398±0.070μm/sec.
anterograde direction), 21 (0.685±0.160μm/sec. retrograde direction). Results were obtained




Prion protein inhibits fast axonal transport
PLOS ONE | https://doi.org/10.1371/journal.pone.0188340 December 20, 2017 17 / 24
Acknowledgments
This paper is dedicated to the memory of Aurora Gomez de Pigino, mother of the last author
Gustavo F. Pigino. The authors of this paper thank B. Wang and Gonzalo Quassollo for excel-
lent technical assistances and B. Hlista for editing this manuscript.
Author Contributions
Conceptualization: Gerardo A. Morfini, Gustavo F. Pigino.
Data curation: Emiliano Zamponi, Scott T. Brady, Gustavo F. Pigino.
Formal analysis: Emiliano Zamponi, Fiamma Buratti, Gerardo A. Morfini, Scott T. Brady,
Gustavo F. Pigino.
Funding acquisition: Gerardo A. Morfini, Scott T. Brady, Gustavo F. Pigino.
Investigation: Emiliano Zamponi, Fiamma Buratti, Gabriel Cataldi, Hector Hugo Caicedo,
Yuyu Song, Lisa M. Jungbauer, Mary J. LaDu, Mariano Bisbal, Gerardo A. Morfini, Scott T.
Brady, Gustavo F. Pigino.
Methodology: Hector Hugo Caicedo.
Project administration: Gustavo F. Pigino.
Resources: Mary J. LaDu, Mariano Bisbal, Alfredo Lorenzo, Jiyan Ma, Pablo R. Helguera, Ger-
ardo A. Morfini, Scott T. Brady, Gustavo F. Pigino.
Supervision: Gustavo F. Pigino.
Validation: Fiamma Buratti, Gabriel Cataldi, Yuyu Song, Gustavo F. Pigino.
Visualization: Emiliano Zamponi, Fiamma Buratti, Pablo R. Helguera, Scott T. Brady, Gus-
tavo F. Pigino.
Writing – original draft: Gerardo A. Morfini, Scott T. Brady, Gustavo F. Pigino.
Writing – review & editing: Alfredo Lorenzo, Jiyan Ma, Gerardo A. Morfini, Scott T. Brady,
Gustavo F. Pigino.
References
1. Colby DW, Prusiner SB. Prions. Cold Spring Harbor perspectives in biology. 2011; 3(1):a006833.
https://doi.org/10.1101/cshperspect.a006833 PMID: 21421910.
2. Brady S, Morfini G. A perspective on neuronal cell death signaling and neurodegeneration. Molecular
neurobiology. 2010; 42(1):25–31. Epub 2010/05/19. https://doi.org/10.1007/s12035-010-8128-2
PMID: 20480262.
3. Senatore A, Restelli E, Chiesa R. Synaptic dysfunction in prion diseases: a trafficking problem? Inter-
national journal of cell biology. 2013; 2013:543803. https://doi.org/10.1155/2013/543803 PMID:
24369467.
4. Chiesa R. The elusive role of the prion protein and the mechanism of toxicity in prion disease. PLoS
Pathog. 2015; 11(5):e1004745. https://doi.org/10.1371/journal.ppat.1004745 PMID: 25951168.
5. Ma J, Wollmann R, Lindquist S. Neurotoxicity and neurodegeneration when PrP accumulates in the
cytosol. Science. 2002; 298(5599):1781–5. Epub 2002/10/19. https://doi.org/10.1126/science.
1073725 PMID: 12386337.
6. Aguzzi A, Steele AD. Prion topology and toxicity. Cell. 2009; 137(6):994–6. Epub 2009/06/16. https://
doi.org/10.1016/j.cell.2009.05.041 PMID: 19524502.
7. Wang X, Bowers SL, Wang F, Pu XA, Nelson RJ, Ma J. Cytoplasmic prion protein induces forebrain
neurotoxicity. Biochim Biophys Acta. 2009; 1792(6):555–63. Epub 2009/03/14. https://doi.org/10.
1016/j.bbadis.2009.02.014 PMID: 19281844.
Prion protein inhibits fast axonal transport
PLOS ONE | https://doi.org/10.1371/journal.pone.0188340 December 20, 2017 18 / 24
8. Prusiner SB. Novel proteinaceous infectious particles cause scrapie. Science. 1982; 216(4542):136–
44. PMID: 6801762
9. Chiesa R, Harris DA. Prion diseases: what is the neurotoxic molecule? Neurobiol Dis. 2001; 8(5):743–
63. Epub 2001/10/11. https://doi.org/10.1006/nbdi.2001.0433 PMID: 11592845.
10. Chiesa R, Restelli E, Comerio L, Del Gallo F, Imeri L. Transgenic mice recapitulate the phenotypic het-
erogeneity of genetic prion diseases without developing prion infectivity: Role of intracellular PrP
retention in neurotoxicity. Prion. 2016; 10(2):93–102. https://doi.org/10.1080/19336896.2016.
1139276 PMID: 26864450.
11. Chiesa R, Piccardo P, Biasini E, Ghetti B, Harris DA. Aggregated, wild-type prion protein causes neu-
rological dysfunction and synaptic abnormalities. J Neurosci. 2008; 28(49):13258–67. Epub 2008/12/
05. https://doi.org/10.1523/JNEUROSCI.3109-08.2008 PMID: 19052217.
12. Simoneau S, Rezaei H, Sales N, Kaiser-Schulz G, Lefebvre-Roque M, Vidal C, et al. In vitro and in
vivo neurotoxicity of prion protein oligomers. PLoS Pathog. 2007; 3(8):e125. https://doi.org/10.1371/
journal.ppat.0030125 PMID: 17784787.
13. Rane NS, Yonkovich JL, Hegde RS. Protection from cytosolic prion protein toxicity by modulation of
protein translocation. EMBO J. 2004; 23(23):4550–9. https://doi.org/10.1038/sj.emboj.7600462
PMID: 15526034.
14. Wang X, Wang F, Arterburn L, Wollmann R, Ma J. The interaction between cytoplasmic prion protein
and the hydrophobic lipid core of membrane correlates with neurotoxicity. J Biol Chem. 2006; 281
(19):13559–65. https://doi.org/10.1074/jbc.M512306200 PMID: 16537534.
15. Rane NS, Kang SW, Chakrabarti O, Feigenbaum L, Hegde RS. Reduced translocation of nascent
prion protein during ER stress contributes to neurodegeneration. Developmental cell. 2008; 15
(3):359–70. https://doi.org/10.1016/j.devcel.2008.06.015 PMID: 18804434.
16. Faas H, Jackson WS, Borkowski AW, Wang X, Ma J, Lindquist S, et al. Context-dependent perturba-
tion of neural systems in transgenic mice expressing a cytosolic prion protein. Neuroimage. 2010; 49
(3):2607–17. Epub 2009/10/20. https://doi.org/10.1016/j.neuroimage.2009.10.009 PMID: 19835963.
17. Reid E, Kloos M, Ashley-Koch A, Hughes L, Bevan S, Svenson IK, et al. A kinesin heavy chain
(KIF5A) mutation in hereditary spastic paraplegia (SPG10). Am J Hum Genet. 2002; 71(5):1189–94.
https://doi.org/10.1086/344210 PMID: 12355402.
18. Hafezparast M, Klocke R, Ruhrberg C, Marquardt A, Ahmad-Annuar A, Bowen S, et al. Mutations in
dynein link motor neuron degeneration to defects in retrograde transport. Science. 2003; 300
(5620):808–12. Epub 2003/05/06. https://doi.org/10.1126/science.1083129 PMID: 12730604.
19. Puls I, Jonnakuty C, LaMonte BH, Holzbaur EL, Tokito M, Mann E, et al. Mutant dynactin in motor neu-
ron disease. Nat Genet. 2003; 33(4):455–6. Epub 2003/03/11. https://doi.org/10.1038/ng1123 PMID:
12627231.
20. Hirokawa N, Takemura R. Molecular motors in neuronal development, intracellular transport and dis-
eases. Curr Opin Neurobiol. 2004; 14(5):564–73. https://doi.org/10.1016/j.conb.2004.08.011 PMID:
15464889.
21. Puls I, Oh SJ, Sumner CJ, Wallace KE, Floeter MK, Mann EA, et al. Distal spinal and bulbar muscular
atrophy caused by dynactin mutation. Ann Neurol. 2005; 57(5):687–94. https://doi.org/10.1002/ana.
20468 PMID: 15852399.
22. Levy JR, Sumner CJ, Caviston JP, Tokito MK, Ranganathan S, Ligon LA, et al. A motor neuron dis-
ease-associated mutation in p150Glued perturbs dynactin function and induces protein aggregation. J
Cell Biol. 2006; 172(5):733–45. Epub 2006/03/01. https://doi.org/10.1083/jcb.200511068 PMID:
16505168.
23. Blackstone C, O’Kane CJ, Reid E. Hereditary spastic paraplegias: membrane traffic and the motor
pathway. Nat Rev Neurosci. 2011; 12(1):31–42. https://doi.org/10.1038/nrn2946 PMID: 21139634.
24. Ermolayev V, Cathomen T, Merk J, Friedrich M, Hartig W, Harms GS, et al. Impaired axonal transport
in motor neurons correlates with clinical prion disease. PLoS Pathog. 2009; 5(8):e1000558. Epub
2009/08/22. https://doi.org/10.1371/journal.ppat.1000558 PMID: 19696919.
25. Ermolayev V, Friedrich M, Nozadze R, Cathomen T, Klein MA, Harms GS, et al. Ultramicroscopy
reveals axonal transport impairments in cortical motor neurons at prion disease. Biophys J. 2009; 96
(8):3390–8. https://doi.org/10.1016/j.bpj.2009.01.032 PMID: 19383482.
26. Morfini GA, Burns M, Binder LI, Kanaan NM, LaPointe N, Bosco DA, et al. Axonal transport defects in
neurodegenerative diseases. J Neurosci. 2009; 29(41):12776–86. Epub 2009/10/16. https://doi.org/
10.1523/JNEUROSCI.3463-09.2009 PMID: 19828789.
27. Pigino G, Morfini G, Atagi Y, Deshpande A, Yu C, Jungbauer L, et al. Disruption of fast axonal trans-
port is a pathogenic mechanism for intraneuronal amyloid beta. Proc Natl Acad Sci U S A. 2009; 106
(14):5907–12. Epub 2009/03/27. https://doi.org/10.1073/pnas.0901229106 PMID: 19321417.
Prion protein inhibits fast axonal transport
PLOS ONE | https://doi.org/10.1371/journal.pone.0188340 December 20, 2017 19 / 24
28. Gibbs KL, Greensmith L, Schiavo G. Regulation of Axonal Transport by Protein Kinases. Trends Bio-
chem Sci. 2015; 40(10):597–610. https://doi.org/10.1016/j.tibs.2015.08.003 PMID: 26410600.
29. Perez M, Rojo AI, Wandosell F, Diaz-Nido J, Avila J. Prion peptide induces neuronal cell death through
a pathway involving glycogen synthase kinase 3. Biochem J. 2003; 372(Pt 1):129–36. https://doi.org/
10.1042/BJ20021596 PMID: 12578563.
30. Simon D, Herva ME, Benitez MJ, Garrido JJ, Rojo AI, Cuadrado A, et al. Dysfunction of the PI3K-Akt-
GSK-3 pathway is a common feature in cell culture and in vivo models of prion disease. Neuropathol
Appl Neurobiol. 2014; 40(3):311–26. https://doi.org/10.1111/nan.12066 PMID: 23741998.
31. Carimalo J, Cronier S, Petit G, Peyrin JM, Boukhtouche F, Arbez N, et al. Activation of the JNK-c-Jun
pathway during the early phase of neuronal apoptosis induced by PrP106-126 and prion infection. Eur
J Neurosci. 2005; 21(9):2311–9. https://doi.org/10.1111/j.1460-9568.2005.04080.x PMID: 15932590.
32. Chen J, Gao C, Shi Q, Wang G, Lei Y, Shan B, et al. Casein kinase II interacts with prion protein in
vitro and forms complex with native prion protein in vivo. Acta Biochim Biophys Sin (Shanghai). 2008;
40(12):1039–47. Epub 2008/12/18. PMID: 19089302.
33. Meggio F, Negro A, Sarno S, Ruzzene M, Bertoli A, Sorgato MC, et al. Bovine prion protein as a mod-
ulator of protein kinase CK2. Biochem J. 2000; 352 Pt 1:191–6. Epub 2000/11/04. PMID: 11062072.
34. Pigino G, Morfini G, Pelsman A, Mattson MP, Brady ST, Busciglio J. Alzheimer’s presenilin 1 muta-
tions impair kinesin-based axonal transport. J Neurosci. 2003; 23(11):4499–508. Epub 2003/06/14.
PMID: 12805290.
35. Stenoien DS, Brady ST. Immunochemical analysis of kinesin light chain function. Molec Biol Cell.
1997; 8:675–89. PMID: 9247647
36. Morfini G, Pigino G, Szebenyi G, You Y, Pollema S, Brady ST. JNK mediates pathogenic effects of
polyglutamine-expanded androgen receptor on fast axonal transport. Nat Neurosci. 2006; 9(7):907–
16. Epub 2006/06/06. https://doi.org/10.1038/nn1717 PMID: 16751763.
37. Wang F, Wang X, Yuan CG, Ma J. Generating a prion with bacterially expressed recombinant prion
protein. Science. 2010; 327(5969):1132–5. Epub 2010/01/30. https://doi.org/10.1126/science.
1183748 PMID: 20110469.
38. Pigino G, Pelsman A, Mori H, Busciglio J. Presenilin-1 mutations reduce cytoskeletal association,
deregulate neurite growth, and potentiate neuronal dystrophy and tau phosphorylation. J Neurosci.
2001; 21(3):834–42. PMID: 11157069.
39. LaPointe NE, Morfini G, Pigino G, Gaisina IN, Kozikowski AP, Binder LI, et al. The amino terminus of
tau inhibits kinesin-dependent axonal transport: implications for filament toxicity. J Neurosci Res.
2009; 87(2):440–51. Epub 2008/09/18. https://doi.org/10.1002/jnr.21850 PMID: 18798283.
40. Song Y, Kang M, Morfini G, Brady ST. Fast axonal transport in isolated axoplasm from the squid giant
axon. Methods Cell Biol. 2016; 131:331–48. https://doi.org/10.1016/bs.mcb.2015.07.004 PMID:
26794522.
41. Song Y, Brady ST. Analysis of microtubules in isolated axoplasm from the squid giant axon. Methods
Cell Biol. 2013; 115:125–37. https://doi.org/10.1016/B978-0-12-407757-7.00009-8 PMID: 23973070.
42. Brady ST, Lasek RJ, Allen RD. Video microscopy of fast axonal transport in isolated axoplasm: A new
model for study of molecular mechanisms. Cell Motil. 1985; 5:81–101. PMID: 2580632
43. Andrews Paul L. R D A-S, Dennison Ngaire, Gleadall Ian G., Hawkins Penny, Messenger John B. O
D, Smith Valerie J., Smith Jane A. The identification and management of pain, suffering and distress
in cephalopods, including anaesthesia, analgesia and humane killing. Journal of Experimental Marine
Biology and Ecology. 2013; 447:46–64. https://doi.org/10.1016/J.JEMBE.2013.02.010
44. Brady ST, Richards BW, Leopold PL. Assay of vesicle motility in squid axoplasm. Meth Cell Biol.
1993; 39:191–202.
45. Medrano AZ, Barmada SJ, Biasini E, Harris DA. GFP-tagged mutant prion protein forms intra-axonal
aggregates in transgenic mice. Neurobiol Dis. 2008; 31(1):20–32. https://doi.org/10.1016/j.nbd.2008.
03.006 PMID: 18514536.
46. Uchiyama K, Muramatsu N, Yano M, Usui T, Miyata H, Sakaguchi S. Prions disturb post-Golgi traffick-
ing of membrane proteins. Nature communications. 2013; 4:1846. https://doi.org/10.1038/
ncomms2873 PMID: 23673631.
47. Brady ST, Lasek RJ, Allen RD. Fast axonal transport in extruded axoplasm from squid giant axon. Sci-
ence. 1982; 218(4577):1129–31. Epub 1982/12/10. PMID: 6183745.
48. Morfini G, Pigino G, Opalach K, Serulle Y, Moreira JE, Sugimori M, et al. 1-Methyl-4-phenylpyridi-
nium affects fast axonal transport by activation of caspase and protein kinase C. Proc Natl Acad Sci
U S A. 2007; 104(7):2442–7. Epub 2007/02/09. https://doi.org/10.1073/pnas.0611231104 PMID:
17287338.
Prion protein inhibits fast axonal transport
PLOS ONE | https://doi.org/10.1371/journal.pone.0188340 December 20, 2017 20 / 24
49. Li A, Christensen HM, Stewart LR, Roth KA, Chiesa R, Harris DA. Neonatal lethality in transgenic
mice expressing prion protein with a deletion of residues 105–125. EMBO J. 2007; 26(2):548–58.
https://doi.org/10.1038/sj.emboj.7601507 PMID: 17245437.
50. Baumann F, Tolnay M, Brabeck C, Pahnke J, Kloz U, Niemann HH, et al. Lethal recessive myelin tox-
icity of prion protein lacking its central domain. EMBO J. 2007; 26(2):538–47. Epub 2007/01/25.
https://doi.org/10.1038/sj.emboj.7601510 PMID: 17245436.
51. Baumann F, Pahnke J, Radovanovic I, Rulicke T, Bremer J, Tolnay M, et al. Functionally relevant
domains of the prion protein identified in vivo. PLoS One. 2009; 4(9):e6707. https://doi.org/10.1371/
journal.pone.0006707 PMID: 19738901.
52. Brown DR, Herms J, Kretzschmar HA. Mouse cortical cells lacking cellular PrP survive in culture with
a neurotoxic PrP fragment. Neuroreport. 1994; 5(16):2057–60. PMID: 7865744.
53. Brown DR, Schmidt B, Kretzschmar HA. Role of microglia and host prion protein in neurotoxicity of a
prion protein fragment. Nature. 1996; 380(6572):345–7. https://doi.org/10.1038/380345a0 PMID:
8598929.
54. Forloni G, Del Bo R, Angeretti N, Chiesa R, Smiroldo S, Doni R, et al. A neurotoxic prion protein frag-
ment induces rat astroglial proliferation and hypertrophy. Eur J Neurosci. 1994; 6(9):1415–22. Epub
1994/09/01. PMID: 8000566.
55. Forloni G, Angeretti N, Chiesa R, Monzani E, Salmona M, Bugiani O, et al. Neurotoxicity of a prion pro-
tein fragment. Nature. 1993; 362(6420):543–6. Epub 1993/04/08. https://doi.org/10.1038/362543a0
PMID: 8464494.
56. Fioriti L, Quaglio E, Massignan T, Colombo L, Stewart RS, Salmona M, et al. The neurotoxicity of
prion protein (PrP) peptide 106–126 is independent of the expression level of PrP and is not mediated
by abnormal PrP species. Mol Cell Neurosci. 2005; 28(1):165–76. Epub 2004/12/21. https://doi.org/
10.1016/j.mcn.2004.09.006 PMID: 15607951.
57. Forloni G, Bugiani O, Tagliavini F, Salmona M. Apoptosis-mediated neurotoxicity induced by beta-
amyloid and PrP fragments. Mol Chem Neuropathol. 1996; 28(1–3):163–71. https://doi.org/10.1007/
BF02815218 PMID: 8871955.
58. Buckman JF, Hernandez H, Kress GJ, Votyakova TV, Pal S, Reynolds IJ. MitoTracker labeling in pri-
mary neuronal and astrocytic cultures: influence of mitochondrial membrane potential and oxidants.
Journal of neuroscience methods. 2001; 104(2):165–76. Epub 2001/02/13. PMID: 11164242.
59. Wang X, Schwarz TL. Imaging axonal transport of mitochondria. Methods Enzymol. 2009; 457:319–
33. Epub 2009/05/12. https://doi.org/10.1016/S0076-6879(09)05018-6 PMID: 19426876.
60. Morfini G, Szebenyi G, Elluru R, Ratner N, Brady ST. Glycogen synthase kinase 3 phosphorylates
kinesin light chains and negatively regulates kinesin-based motility. EMBO J. 2002; 21(3):281–93.
Epub 2002/02/02. https://doi.org/10.1093/emboj/21.3.281 PMID: 11823421.
61. Morfini G, Szebenyi G, Brown H, Pant HC, Pigino G, DeBoer S, et al. A novel CDK5-dependent path-
way for regulating GSK3 activity and kinesin-driven motility in neurons. EMBO J. 2004; 23(11):2235–
45. Epub 2004/05/21. https://doi.org/10.1038/sj.emboj.7600237 PMID: 15152189.
62. Mitchell DJ, Blasier KR, Jeffery ED, Ross MW, Pullikuth AK, Suo D, et al. Trk Activation of the ERK1/2
Kinase Pathway Stimulates Intermediate Chain Phosphorylation and Recruits Cytoplasmic Dynein to
Signaling Endosomes for Retrograde Axonal Transport. J Neurosci. 2012; 32(44):15495–510. https://
doi.org/10.1523/JNEUROSCI.5599-11.2012 PMID: 23115187.
63. Blasier KR, Humsi MK, Ha J, Ross MW, Smiley WR, Inamdar NA, et al. Live cell imaging reveals differ-
ential modifications to cytoplasmic dynein properties by phospho- and dephosphomimic mutations of
the intermediate chain 2C S84. J Neurosci Res. 2014; 92(9):1143–54. https://doi.org/10.1002/jnr.
23388 PMID: 24798412.
64. Pagano MA, Meggio F, Ruzzene M, Andrzejewska M, Kazimierczuk Z, Pinna LA. 2-Dimethylamino-
4,5,6,7-tetrabromo-1H-benzimidazole: a novel powerful and selective inhibitor of protein kinase CK2.
Biochem Biophys Res Commun. 2004; 321(4):1040–4. Epub 2004/09/11. https://doi.org/10.1016/j.
bbrc.2004.07.067 PMID: 15358133.
65. Marin O, Meggio F, Pinna LA. Design and synthesis of two new peptide substrates for the specific and
sensitive monitoring of casein kinases-1 and -2. Biochem Biophys Res Commun. 1994; 198(3):898–
905. Epub 1994/02/15. https://doi.org/10.1006/bbrc.1994.1128 PMID: 8117294.
66. Karki S, Tokito MK, Holzbaur EL. Casein kinase II binds to and phosphorylates cytoplasmic dynein. J
Biol Chem. 1997; 272(9):5887–91. Epub 1997/02/28. PMID: 9038206.
67. Morfini G, Szebenyi G, Richards B, Brady ST. Regulation of kinesin: implications for neuronal develop-
ment. Dev Neurosci. 2001; 23(4–5):364–76. Epub 2002/01/05. PMID: 11756752.
68. Donelan MJ, Morfini G, Julyan R, Sommers S, Hays L, Kajio H, et al. Ca2+-dependent dephosphoryla-
tion of kinesin heavy chain on beta-granules in pancreatic beta-cells. Implications for regulated beta-
Prion protein inhibits fast axonal transport
PLOS ONE | https://doi.org/10.1371/journal.pone.0188340 December 20, 2017 21 / 24
granule transport and insulin exocytosis. J Biol Chem. 2002; 277(27):24232–42. Epub 2002/04/30.
https://doi.org/10.1074/jbc.M203345200 PMID: 11978799.
69. Schafer B, Gotz C, Montenarh M. The kinesin I family member KIF5C is a novel substrate for protein
kinase CK2. Biochem Biophys Res Commun. 2008; 375(2):179–83. https://doi.org/10.1016/j.bbrc.
2008.07.107 PMID: 18682247.
70. Stenoien DL, Brady ST. Immunochemical analysis of kinesin light chain function. Mol Biol Cell. 1997;
8(4):675–89. Epub 1997/04/01. PMID: 9247647.
71. Kanaan NM, Morfini GA, LaPointe NE, Pigino GF, Patterson KR, Song Y, et al. Pathogenic forms of
tau inhibit kinesin-dependent axonal transport through a mechanism involving activation of axonal
phosphotransferases. J Neurosci. 2011; 31(27):9858–68. Epub 2011/07/08. https://doi.org/10.1523/
JNEUROSCI.0560-11.2011 PMID: 21734277.
72. Kanaan NM, Pigino GF, Brady ST, Lazarov O, Binder LI, Morfini GA. Axonal degeneration in Alzhei-
mer’s disease: when signaling abnormalities meet the axonal transport system. Exp Neurol. 2013;
246:44–53. https://doi.org/10.1016/j.expneurol.2012.06.003 PMID: 22721767.
73. Pigino G, Morfini G, Mattson MP, Brady ST, Busciglio J. Alzheimer’s Presenilin 1 Mutations Impair
Kinesin-Based Axonal Transport. J Neurosci. 2003; 23:4499–508. PMID: 12805290
74. Kanaan NM, Pigino GF, Brady ST, Lazarov O, Binder LI, Morfini GA. Axonal degeneration in Alzhei-
mer’s disease: When signaling abnormalities meet the axonal transport system. Exp Neurol. 2012.
Epub 2012/06/23. https://doi.org/10.1016/j.expneurol.2012.06.003 PMID: 22721767.
75. Westergard L, Turnbaugh JA, Harris DA. A nine amino acid domain is essential for mutant prion pro-
tein toxicity. J Neurosci. 2011; 31(39):14005–17. Epub 2011/10/01. https://doi.org/10.1523/
JNEUROSCI.1243-11.2011 PMID: 21957261.
76. Tateishi J, Kitamoto T. Inherited prion diseases and transmission to rodents. Brain Pathol. 1995; 5
(1):53–9. PMID: 7767491.
77. Mead S, Gandhi S, Beck J, Caine D, Gajulapalli D, Carswell C, et al. A novel prion disease associated
with diarrhea and autonomic neuropathy. N Engl J Med. 2013; 369(20):1904–14. https://doi.org/10.
1056/NEJMoa1214747 PMID: 24224623.
78. Diack AB, Ritchie DL, Peden AH, Brown D, Boyle A, Morabito L, et al. Variably protease-sensitive prio-
nopathy, a unique prion variant with inefficient transmission properties. Emerging infectious diseases.
2014; 20(12):1969–79. https://doi.org/10.3201/eid2012.140214 PMID: 25418327.
79. Fuchs J, Nilsson C, Kachergus J, Munz M, Larsson EM, Schule B, et al. Phenotypic variation in a
large Swedish pedigree due to SNCA duplication and triplication. Neurology. 2007; 68(12):916–22.
https://doi.org/10.1212/01.wnl.0000254458.17630.c5 PMID: 17251522.
80. Sleegers K, Brouwers N, Gijselinck I, Theuns J, Goossens D, Wauters J, et al. APP duplication is suffi-
cient to cause early onset Alzheimer’s dementia with cerebral amyloid angiopathy. Brain. 2006; 129
(Pt 11):2977–83. https://doi.org/10.1093/brain/awl203 PMID: 16921174.
81. Rovelet-Lecrux A, Hannequin D, Raux G, Le Meur N, Laquerriere A, Vital A, et al. APP locus duplica-
tion causes autosomal dominant early-onset Alzheimer disease with cerebral amyloid angiopathy. Nat
Genet. 2006; 38(1):24–6. https://doi.org/10.1038/ng1718 PMID: 16369530.
82. Saa P, Harris DA, Cervenakova L. Mechanisms of prion-induced neurodegeneration. Expert Rev Mol
Med. 2016; 18:e5. https://doi.org/10.1017/erm.2016.8 PMID: 27055367.
83. Choi SI, Ju WK, Choi EK, Kim J, Lea HZ, Carp RI, et al. Mitochondrial dysfunction induced by oxidative
stress in the brains of hamsters infected with the 263 K scrapie agent. Acta Neuropathol. 1998; 96
(3):279–86. PMID: 9754961.
84. Zhou M, Ottenberg G, Sferrazza GF, Lasmezas CI. Highly neurotoxic monomeric alpha-helical prion
protein. Proc Natl Acad Sci U S A. 2012; 109(8):3113–8. https://doi.org/10.1073/pnas.1118090109
PMID: 22323583.
85. Chiesa R, Piccardo P, Dossena S, Nowoslawski L, Roth KA, Ghetti B, et al. Bax deletion prevents neu-
ronal loss but not neurological symptoms in a transgenic model of inherited prion disease. Proc Natl
Acad Sci U S A. 2005; 102(1):238–43. Epub 2004/12/25. https://doi.org/10.1073/pnas.0406173102
PMID: 15618403.
86. Sanchez-Garcia J, Arbelaez D, Jensen K, Rincon-Limas DE, Fernandez-Funez P. Polar substitutions
in helix 3 of the prion protein produce transmembrane isoforms that disturb vesicle trafficking. Hum
Mol Genet. 2013; 22(21):4253–66. https://doi.org/10.1093/hmg/ddt276 PMID: 23771030.
87. Morfini G, Pigino G, Brady ST. Polyglutamine expansion diseases: failing to deliver. Trends Mol Med.
2005; 11(2):64–70. Epub 2005/02/08. https://doi.org/10.1016/j.molmed.2004.12.002 PMID: 15694868.
88. Roy S, Zhang B, Lee VM, Trojanowski JQ. Axonal transport defects: a common theme in neurodegen-
erative diseases. Acta Neuropathol. 2005; 109(1):5–13. Epub 2005/01/13. https://doi.org/10.1007/
s00401-004-0952-x PMID: 15645263.
Prion protein inhibits fast axonal transport
PLOS ONE | https://doi.org/10.1371/journal.pone.0188340 December 20, 2017 22 / 24
89. Lazarov O, Morfini GA, Pigino G, Gadadhar A, Chen X, Robinson J, et al. Impairments in fast axonal
transport and motor neuron deficits in transgenic mice expressing familial Alzheimer’s disease-linked
mutant presenilin 1. J Neurosci. 2007; 27(26):7011–20. https://doi.org/10.1523/JNEUROSCI.4272-
06.2007 PMID: 17596450.
90. Scott D, Roy S. alpha-Synuclein inhibits intersynaptic vesicle mobility and maintains recycling-pool
homeostasis. J Neurosci. 2012; 32(30):10129–35. https://doi.org/10.1523/JNEUROSCI.0535-12.
2012 PMID: 22836248.
91. Tang Y, Scott DA, Das U, Edland SD, Radomski K, Koo EH, et al. Early and selective impairments in
axonal transport kinetics of synaptic cargoes induced by soluble amyloid beta-protein oligomers. Traf-
fic. 2012; 13(5):681–93. https://doi.org/10.1111/j.1600-0854.2012.01340.x PMID: 22309053.
92. Bieber AJ, Snow PM, Hortsch M, Patel NH, Jacobs JR, Traquina ZR, et al. Drosophila neuroglian: a
member of the immunoglobulin superfamily with extensive homology to the vertebrate neural adhesion
molecule L1. Cell. 1989; 59(3):447–60. PMID: 2805067.
93. Schulze KL, Broadie K, Perin MS, Bellen HJ. Genetic and electrophysiological studies of Drosophila
syntaxin-1A demonstrate its role in nonneuronal secretion and neurotransmission. Cell. 1995; 80
(2):311–20. PMID: 7834751.
94. Senatore A, Colleoni S, Verderio C, Restelli E, Morini R, Condliffe SB, et al. Mutant PrP suppresses
glutamatergic neurotransmission in cerebellar granule neurons by impairing membrane delivery of
VGCC alpha(2)delta-1 Subunit. Neuron. 2012; 74(2):300–13. https://doi.org/10.1016/j.neuron.2012.
02.027 PMID: 22542184.
95. Brady ST. A novel brain ATPase with properties expected for the fast axonal transport motor. Nature.
1985; 317:73–5. PMID: 2412134
96. Brady ST, Lasek RJ. Axonal transport: a cell-biological method for studying proteins that associate
with the cytoskeleton. Methods Cell Biol. 1982; 25 Pt B:365–98. PMID: 6180280.
97. Brady ST, Lasek RJ, Allen RD. Video microscopy of fast axonal transport in extruded axoplasm: a
new model for study of molecular mechanisms. Cell Motil. 1985; 5(2):81–101. Epub 1985/01/01.
PMID: 2580632.
98. Wang F, Yin S, Wang X, Zha L, Sy MS, Ma J. Role of the highly conserved middle region of prion pro-
tein (PrP) in PrP-lipid interaction. Biochemistry. 2010; 49(37):8169–76. Epub 2010/08/20. https://doi.
org/10.1021/bi101146v PMID: 20718504.
99. Solomon IH, Khatri N, Biasini E, Massignan T, Huettner JE, Harris DA. An N-terminal polybasic
domain and cell surface localization are required for mutant prion protein toxicity. J Biol Chem. 2011;
286(16):14724–36. https://doi.org/10.1074/jbc.M110.214973 PMID: 21385869.
100. Turnbaugh JA, Westergard L, Unterberger U, Biasini E, Harris DA. The N-terminal, polybasic region is
critical for prion protein neuroprotective activity. PLoS One. 2011; 6(9):e25675. https://doi.org/10.
1371/journal.pone.0025675 PMID: 21980526.
101. Brandenburg LO, Lucius R, Tameh Abolfazl A, Kipp M, Wruck CJ, Koch T, et al. Internalization and
signal transduction of PrP(106–126) in neuronal cells. Ann Anat. 2009; 191(5):459–68. https://doi.org/
10.1016/j.aanat.2009.06.003 PMID: 19625174.
102. Morfini G, Pigino G, Beffert U, Busciglio J, Brady ST. Fast axonal transport misregulation and Alzhei-
mer’s disease. Neuromolecular Med. 2002; 2(2):89–99. Epub 2002/11/14. https://doi.org/10.1385/
NMM:2:2:089 PMID: 12428805.
103. Gotz J, Ittner LM, Kins S. Do axonal defects in tau and amyloid precursor protein transgenic animals
model axonopathy in Alzheimer’s disease? J Neurochem. 2006; 98(4):993–1006. https://doi.org/10.
1111/j.1471-4159.2006.03955.x PMID: 16787410.
104. Serulle Y, Morfini G, Pigino G, Moreira JE, Sugimori M, Brady ST, et al. 1-Methyl-4-phenylpyridinium
induces synaptic dysfunction through a pathway involving caspase and PKCdelta enzymatic activities.
Proc Natl Acad Sci U S A. 2007; 104(7):2437–41. https://doi.org/10.1073/pnas.0611227104 PMID:
17287339.
105. Moreno H, Yu E, Pigino G, Hernandez AI, Kim N, Moreira JE, et al. Synaptic transmission block by pre-
synaptic injection of oligomeric amyloid beta. Proc Natl Acad Sci U S A. 2009; 106(14):5901–6. https://
doi.org/10.1073/pnas.0900944106 PMID: 19304802.
106. Morfini GA, You YM, Pollema SL, Kaminska A, Liu K, Yoshioka K, et al. Pathogenic huntingtin inhibits
fast axonal transport by activating JNK3 and phosphorylating kinesin. Nat Neurosci. 2009; 12(7):864–
71. Epub 2009/06/16. https://doi.org/10.1038/nn.2346 PMID: 19525941.
107. Morfini GA, Bosco DA, Brown H, Gatto R, Kaminska A, Song Y, et al. Inhibition of fast axonal transport
by pathogenic SOD1 involves activation of p38 MAP kinase. PLoS One. 2013; 8(6):e65235. https://
doi.org/10.1371/journal.pone.0065235 PMID: 23776455.
Prion protein inhibits fast axonal transport
PLOS ONE | https://doi.org/10.1371/journal.pone.0188340 December 20, 2017 23 / 24
108. Moreno H, Morfini G, Buitrago L, Ujlaki G, Choi S, Yu E, et al. Tau pathology-mediated presynaptic
dysfunction. Neuroscience. 2016; 325:30–8. https://doi.org/10.1016/j.neuroscience.2016.03.044
PMID: 27012611.
109. Brady ST, Pfister KK, Bloom GS. A monoclonal antibody against kinesin inhibits both anterograde and
retrograde fast axonal transport in squid axoplasm. Proc Natl Acad Sci U S A. 1990; 87(3):1061–5.
Epub 1990/02/01. PMID: 1689058.
110. De Vos KJ, Grierson AJ, Ackerley S, Miller CC. Role of axonal transport in neurodegenerative dis-
eases. Annu Rev Neurosci. 2008; 31:151–73. Epub 2008/06/19. https://doi.org/10.1146/annurev.
neuro.31.061307.090711 PMID: 18558852.
111. Chen H, Chan DC. Mitochondrial dynamics—fusion, fission, movement, and mitophagy—in neurode-
generative diseases. Hum Mol Genet. 2009; 18(R2):R169–76. https://doi.org/10.1093/hmg/ddp326
PMID: 19808793.
112. Crimella C, Baschirotto C, Arnoldi A, Tonelli A, Tenderini E, Airoldi G, et al. Mutations in the motor and
stalk domains of KIF5A in spastic paraplegia type 10 and in axonal Charcot-Marie-Tooth type 2. Clin
Genet. 2011. Epub 2011/06/01. https://doi.org/10.1111/j.1399-0004.2011.01717.x PMID: 21623771.
113. Brady ST. Molecular motors in the nervous system. Neuron. 1991; 7(4):521–33. Epub 1991/10/01.
PMID: 1834098.
114. Nicholls DG, Budd SL. Mitochondria and neuronal survival. Physiol Rev. 2000; 80(1):315–60. PMID:
10617771.
115. Kim-Han JS, Antenor-Dorsey JA, O’Malley KL. The Parkinsonian mimetic, MPP+, specifically impairs
mitochondrial transport in dopamine axons. J Neurosci. 2011; 31(19):7212–21. Epub 2011/05/13.
https://doi.org/10.1523/JNEUROSCI.0711-11.2011 PMID: 21562285.
116. Liu S, Sawada T, Lee S, Yu W, Silverio G, Alapatt P, et al. Parkinson’s disease-associated kinase
PINK1 regulates Miro protein level and axonal transport of mitochondria. PLoS Genet. 2012; 8(3):
e1002537. https://doi.org/10.1371/journal.pgen.1002537 PMID: 22396657.
117. Saxton WM, Hollenbeck PJ. The axonal transport of mitochondria. J Cell Sci. 2012; 125(Pt 9):2095–
104. https://doi.org/10.1242/jcs.053850 PMID: 22619228.
118. Meggio F, Pinna LA. One-thousand-and-one substrates of protein kinase CK2? FASEB J. 2003; 17
(3):349–68. https://doi.org/10.1096/fj.02-0473rev PMID: 12631575.
119. Olsten ME, Litchfield DW. Order or chaos? An evaluation of the regulation of protein kinase CK2. Bio-
chem Cell Biol. 2004; 82(6):681–93. https://doi.org/10.1139/o04-116 PMID: 15674436.
120. Leo L, Weissmann C, Burns M, Kang M, Song Y, Qiang L, et al. Mutant spastin proteins promote defi-
cits in axonal transport through an isoform-specific mechanism involving casein kinase 2 activation.
Hum Mol Genet. 2017; 26(12):2321–34. https://doi.org/10.1093/hmg/ddx125 PMID: 28398512.
121. Pagano MA, Cesaro L, Meggio F, Pinna LA. Protein kinase CK2: a newcomer in the ‘druggable
kinome’. Biochem Soc Trans. 2006; 34(Pt 6):1303–6. https://doi.org/10.1042/BST0341303 PMID:
17073807.
122. Chou ST, Patil R, Galstyan A, Gangalum PR, Cavenee WK, Furnari FB, et al. Simultaneous blockade
of interacting CK2 and EGFR pathways by tumor-targeting nanobioconjugates increases therapeutic
efficacy against glioblastoma multiforme. J Control Release. 2016; 244(Pt A):14–23. https://doi.org/
10.1016/j.jconrel.2016.11.001 PMID: 27825958.
Prion protein inhibits fast axonal transport
PLOS ONE | https://doi.org/10.1371/journal.pone.0188340 December 20, 2017 24 / 24
